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ecessary prerequisites for almost evey
corrosion of reinforcing ste

as moisture ingress into concrete are the two n
expansive phenomenon, such as freezing and thawing,

and swelling of alkali-silicate gels.

Specifications and Testing Methods for Sulfate Resistance

absence of a conclusive hypothesis on

As will be discussed here, the
tes from long-term sulfate exposure [z

mechanisms by which concrete deteriora
prevented the development of appropriate acceptance tests and specifications

sulfate resistance. Since it is easier from laboratory tests to prove a direct correla
between the C,A content of a portland cement and expansion in mortar prisms exposaf
to a sulfate solution, most of the specifications and test methods have ignored the ks
of strength and elastic modulus which are also associated with the sulfate atta
During the early part of this century sulfate resisting portland cements, with low{}
content (0-6% C.,A), were developed in several countries, such as by Ferrari in [
and by Fleming in Canada. In 1940, ASTM C 150--the Standard Specification®
Portland Cement--approved a sulfate resisting cement which is required to containks
than 5% C.,A. Since mortar prisms made with the sulfate resisting portland cemes
show a little or no expansion on immersion in a dilute sulfate solution for peng
ranging from several weeks to several months, this approach has become the basist',:_

specifications and acceptance tests for sulfate resistance. t

For a laboratory test to be really meaningf

satisfied:
short time (e.g., 4 weeks or less) i

manufacturer or user; (b) it should correlat
reproduce as accurately as possible the mec
cement hydration products; (c) it should be app
portland cements since both cement types aré CO
conditions of sulfate attack.

e well with the field experience, i.e.

Early experiments showed
depended greatly on permeability,
ratio, ‘and low cement content wa
needed for sulfate expansion. For instance,
according to which 1.55 by 1:55
with 1:10 cement-sand ratio, cure
and the time required to show a given amount 0
the results of a long-term laboratory investigation
of some synthetic mixtures

f expansion was measured. Basé

From the data in Table 1
be more aggressive than the Na,S0, solution
(associated with the chemical reaction invol

and precipitation of brucite and gypsum). Therefore, for application to thosé

ul, the following criteria ought tof

(a) it should: yield reliable and reproducible information within a relai&

if the test is to be of practical value to a Celig

- supposed to do, i.e.,
e foe it i (e ey lftas attacki® differentiating between
& the expansion associated wit

licable to both portland and bles
mmonly specified for use U

- cement i i
; paste, this method involves chemical interactio

therefore the use of graded sand, high water/ceti Unsuitable for testing blended

s favored for the purpose of accelerating the 88 C€ment, the blended cement

Thorvaldsen et al* developed a mels
by 10-cm mortar prisms, containing 20-30 mesh# Cements, the method has
d for 3-8 weeks, were exposed to a sulfate solil relative C,A content of a p

& 'Mportantly, it fails to ta
by the authors, the relative resist#s Concrete
of portland cement compounds to solutions contal SSociated w
1.8% MgSO0., 2.1% Na,SO,, and a saturated CaSO, solution, is shown in Table 1. B 25S0ciated wi

it should be noted that the MgSO, solution was fOU“t

due to the former’s pH lowering polis M
ving decomposition of calcium hydrof8 Hortars  Ex

& Wolochow’
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conditions where the pH lowering ph i i

phenomeneon is not involved duri

_ _ urin
thf tl.jse oftha Nta,SO., or a CaSQ. solution is more valid. In the N:S%Jffatz aétGCkr
f{f):,’vé?,';f' wi{?’} ﬂ\:\éoccgrgesnts with no C,A took a long time to reg;ste; Z?( a'SO‘
i expos,ure oAl r\ia—sé chetr_lt a vc:,-rry rapid expansion was recorded after 1‘328‘::2:5;

. .50, solution. his expansion was

transformation of calcium hydroxide and C-S-H to gypsum grrl?jb:bér)r?;g;zdgq ID‘I/ N
; nding loss in

stiffness.  The high C,A cement r
! s espon i
phenomenon in all three test solutions. B e pillytes;itip Oulletamezgangion

The ASTM Type | portland cements usuail i

L A, men y contain 8 to 12% C.A and,
Wmochowz USE(():I gh‘fs1 Ct‘aomesnht?t\.vv significant expansions in dilute sulfaucei YSILFI“L(:;;NE:
Lo SOIUtiOﬂ, b '?-sfand mortars, cured for 7 days, and exposed them tc?s.
L .permd ults from an interlaboratory testing program showed that -
B R Ten poriod \ivf;'as sufflcrent_ to detect portland cements of low resist o
e 3 _ e reproduo_:lblllty between different laboratori s
A ince it was found difficult to agree upon a permissible e::asns\?;asllnqt
n imit

between the laborator
y test results i ;
popular. and the field behavior, the test did not become

In immersi i i i
£ ol imorstlt?: i:etsétrsiércg?s;deratzle time is lost before the sulfate solution is able to
mortar or concrete i

P o specimen. In 1960
whic:])the e was adopted_ by ASTM (Standard Test Method C 45,2an accei_erated
g -day expansion is measured on 25 by 25 by 285 e
5 cn;re:te from a mnfture of portland cement and added

A ent of the mixture before the hydration is 7% The

mm, water-cured mortar

g sum, such that the total

: _ e method doe it i
- : s wha

theahi;ilag:\ely dshort period of 14 days it is successftul!t ili

-C.A and the low-C,A portland
d t ¥ cements by accelerati

L — h the gttr:nglte formation. However, it does not simarlng

ek itions typical of the sulfate attack. Instead of ch U‘ate

an external sulfate solution and the hydrated censtitc emmafI

uents o

n between anhydrous cement
Thus, the method i
Sp%rgl\?entjt cebments because, compared to ordinary porttanlcsi
ey eva?uat?o:e]lcl r;]ydrated before they develop sulfate
N e of the sulfate resistance of n
su eat
Oart:;mnl(;ced value bbecause It 1Is much easier to detern?i?w??gg
cement by other ways than b i
. _ _ y this procedure. M
e expmmerelr:to Iconsnderatnon that the long-term deteriorationo(r)?
e fn\.ro ves not only the sulfate expansion phenome
ey g e formation but also the loss of adhesion and ey
rmation of gypsum from CH and C-S-H el

resisting characteristics.
by

The motivati
] ation to develop a rel
i o elevant test procedure resulted in studi i
S toA;ngT |?tandard Method for Length Change of Hydra‘tJJ(IjifSCe‘eNthh
o ulfate Solution, ASTM C 1012. Based essenti ”mem
mmersion test for expansion of mortar prisms, the pr:)acgd i
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involves ma!d_ng a mortar mixture (1:2.75B cement-saqd ratio, i 0_455‘; - cistance, using neat cement paste specimens (0.26 :
wate.rlceme_ntltlous ratio), mouldmg 25 by 25 by 285 mm specimens, cuirmg t_het days, and thereafter E0BRALR . 5710 % CeBliitioh (—)f ngger/cement ratio) cured for 3
specimens in warm water (35°C) ff)r 24 hours k?efore demolding, subsequently curig® 0% ot solution is brought back to the origi a,50,. Daily the sulfate content
them in saturated lime water at 23°C until such time that a mean compressive strength o ifuric acid. This tends to accel original concentration by neutralizing it with
of approximately 20 MPa or more has been achieved, and then immersing the prismsinf o cceq 57 VAL e erid fe err]ate the sulfate attack by a mechanism which is
a standard sulfate solution for a period of six months. The immersion solution consists§ deterioration is'obtained It m° :) e 28-days immersion, a visual estimate of the
of 0.352 mol or 50 g/liter of Na.SO.. Alternatively, a mixture of 0.176 mol/litero® .. map test is not a o ay be noted that due to the short curing period, the
each of sodium and magnesium sulfates may be used. gl pplicable to blended portland cements.
The ASTM C 1012 Test Method is found suitagble fgor both po;tlasnd and blendet &, d;rg g?;in;hieﬂz:;:a&eﬁ? aqnudanéljgt\::eu:;\g Sappililcab'le to both portland and
E(I)rtland cements. According to t‘he_ASTM fC.5 5-8 rhSt?\nqrar\rA Cpfg;f;:gtaon Wl Corosity cement pastes (0.5 water/cementitious mall cubes (12.5 mm) of high-
endeq Hydraulic Cements, the criterion for failure in the AS is 0180~ iorated curing at 50-C for 7 days before i .rat‘io), which are subjected to
expansion. Test data reported by Mather® showed that a portland cement with 9.4% 1 50). Once in every 24h period hV efore immersion in a 4% Na,SO. solution (2.1%
C.A took more than 5 months to reach 0.1% expansion. Using nine different fly ashes ™ the, original level by manupal It' . the pH_ of the immer-sion solution is brought back to
the portland-fly ash cements containing 30% fly ash showed that five of the cement B if known field lftrataon with 1N H.SO, . Using five different types of
failed to meet the specification limit (0.1% expansion) in 6 months of sulfate exposueg f Hoes thatia 98 daye iml::;rf;jraancg r;story to sulfate attack, it was shown by the
I;t?wever the fqur cements whlch _met the spe-cnflca.tlon time in 6 months immersois ol e bad coments on the bg:irsloof wr?s 3uff|cuent' to differentiate between the
ereafter continued to show significant expansion (Fig. 1). Therefore, the long time & “cor the immersion the compressive strengths data before and
get the results is one of the shortcomings of this test. Also, no attempt is madeli :
evaluate the loss of stiffness and strength from sulfate attack. This is indicated in t§ Subsequently, Mehta™ i
Figure by the continued expansions beyond the 180-day test period. After 202 daysdf o stat, which per'mits aa coal:.!tt_omated the sulfuric acid titration procedure by using a
sulfate immersion, a blended cement containing 30% of a Class F fly ash (Fly Ash No B oW drops of 0.1N Eusogs cont_rol of the pH of the immersion solution by
511) reached the failure criteria (0.1% expansion), and thereafter continued to sh#¥of the solution goes up t - ! di .50, solution whenever the hydroxyl ion concentration
considerable expansion. This is inconsistent with the general field experience wil Eonclusively. that the :aigt;n icate alkaline pH. Later, Brown™ was able to establish
Class F fly ashes and, therefore, both the validity of the test method and oAt ortar specimens wn::]ecﬁn?;q;?e gH of a sulfate solution (in which portland
specification are subject to question. "‘;::rough e alled ulfurc: acid additionssee;:s Srte : tﬁ:?st;aen; U?fr;iepi;iditermined value
. s : ; e on ion i
instead of measuring expansion for sulfate attack, several researchers hd .;atfasl:)hg:m r\iri?:mec(li invariant with time. The author compared the rat:ser:frast:l)fnat'z
developed procedures based on determination of streng‘th loss. I(pch and Steinege reported that the eﬁcimr‘:‘-’r::::tl the envn_roqmental t_:ontrol (i.e., the pH control), and
used 1 by 1 by 6-cm mortar prisms (1:4 cement-sand ratio), cured in water for 21 doffas measured by either al control s|gn|f|gantly increased the rate of sulfate attack
and subsequently immersed in a Na,SO. solution containing 2.5% SO,. The relaconventional immersion t strength loss or .Irnear expansion. This is because in
sulfate resistance of a cement is assessed from changes in the flexural strength &immersion of test speci ests as a result of dissolution of CH, within a few hours after
different ages up to 77 days of sulfate immersion. Markestad™ reported pronoun®Sahout 6-7 (which I.Spthc"?en.s’ the hydroxyl N concentration of the solution rises from
changes in the compressive strength of high-C,A portland cement mortar CUSAt this pH, only the etﬁﬂ:g:::'fgrl*m(;;g solution of te;hnical grade Na,S0,) to 12-12.5
n can occur; the gypsum formation and the C-S-

(12.5 mm, 1:3 cement-sand ratio), normally cured for 28 days, then immersed fof 8 decomposition do not take place until th
e until the sulfate solution has a lower
pH (e.g., 8-

days in a magnesium sulfate solution containing 0.5% SO.. Using similar mortar cU¥811.5 pH range). Since field experi
: ? erience with structures exposed to sulf
ate waters that

Forrester” found significant changes in the compressive strength of portland cemé®are regularly replenished of
containing 9 or 5% C.A, when immersed for 90 days in a Na.SO, solution contd™®H and CH, it should be 2;5;::?":: ihfhpfllest()ence of gypsum and the absence of C-S-
i a e laboratory tests involving stagnant
sulfate

3.5% SO.. lions !
5 I.e., without control of
3 £ pH and sulfa i i
| - ) B e oo o e te concentration) are not only time-
Clearly, the strength loss measurements provide a comprehensive assessmel g A
the deterioration of a hydrated cement paste due both to reduction of stiffness_i"e" Recent work by R i
attack on CH and C-S-H) and microcracking (i.e., excessive expansion on the ettrin®and Brown™ to the Zevzggr?{; tco?flrmed G R EaiRty S
nt of a suitable accelerated test for s i
ulfate resistance.

f a“() a &
m r I cCu Iith t e

the test results from mortar prisms or cubes, although smalk in dimension, is stil ®Progressive addition of sulfuri
o sulfuric acid to a kg of water containi
ining one mole each of CH
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understanding of mineralogical changes that occur in concrete as a result of attackp}
atmospheric sulfur dioxide. With decreasing pH, the following order of phase changy
is indicated: in the 12-12.5 pH range, CH and C.AH,, (and possibly the monosulfg§
hydrate) dissolve and ettringite precipitates; in the 10.6 to 11.6 pH range, gypsy
precipitates; at 10.6 pH, ettringite decomposes to form gibbsite and gypsum; and;
8.8 pH, C-S-H decomposes to form silica gel. The model predicts an overall decreal
in the Ca/Si ratio from 2.12 at a pH of 12.5, to a Ca/Si ratio of 0.5 at a pH of 9 bel}
which C-S-H will decompose to form amorphous silica (Fig. 2). Thus, at pH valysh
lower than 12.5 the changes in the composition of C-S-H resulting in eventy
decomposition have obvious implication to the loss of adhesion and strength g
products which contain C-S-H as the principal mineral after cement hydration. Sinf
portland-pozzolan and portland-slag cements are believed to contain C-S-H with mug
lower Ca/Si ratio (viz., Ca/Si = 1) than hydrated portland cements, the former a
inherently more stable to acidic solutions, and even to solutions in the 8 to 11 pH rang
(Fig. 2). i

Measures for Prevention of Sulfate Attack

Assuming a situation where sulfate water cannot be prevented from coming ik
contact with a concrete structure, the only defense against sulfate attack would lies

the control of concrete quality, especially the permeability. High cement content, Ion‘

water/cement ratio, proper compaction and curing, and control of cracking durg
service are among the important factors that contribute to low permeability ¢
concrete. If cracking in service is unavoidable due to one or more of the seves
possible causes (such as drying shrinkage, thermal shrinkage, cycles of freezing ai

thawing, and corrosion of reinforcing steel), additional safeguard can be provided o8

the use of sulfate-resisting cements and/or mineral admixtures in concrete. On [

other hand, by controlling the chemistry of cement alone it is not possible to provés

long-term protection to a permeable concrete which is exposed to moderate or hg
sulfate concentrations, as discussed next.

With moderate conditions of sulfate attack (up to 0.2 sulfate content of sail, 0rig

to 1500 mg/liter sulfate in water), experience shows that ASTM Type Il portla
cement (less than 8% C,A) can perform satisfactorily provided the water/cement fa
of the concrete is held below 0.5. With severe conditions of sulfate attack (0.2 to 24
sulfate in soil, or 1500-10000 mg/liter sulfate in water) ACI Building Code 3
recommends the use of ASTM Type V portland cement (less than 5% C.A), and
water/cement ratio below 0.45.

The control of C,A content for the purpose of sulfate resistance, which WS

incorporated in 1940 into the ASTM C 150 Standard Specifications for Portia®

Cement, addresses only the problem of sulfate expansion associated with the ettringi
formation. A low-C,A cement does not eliminate the susceptibility to sulfate attack’®

other phases of hydrated cement paste, such as CH and C-S-H, and the subseq

loss of strength. For example, Gjorv” found that the flexural strength of concrete &8
blocks made from several portland cements, including a cement with 3% C.A, W&
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significantly affected on 30 years of exposure to seawater. As discussed next, the use
of portland-pozzolan or portland-slag cements offers a better solution to the overall
problem of sulfate attack, and field experience seems to confirm this view.”" Note that
instead of using a portland-pozzolan or a portland-slag cement, the same purpose is
served when a pozzolan or a slag is used in the concrete mixture as a partial
replacement for cement.

The source of sulfate concentrations below 1500 mg/liter in groundwater may be
gypsum in the soil. However, sulfate concentrations significantly larger than 1500
mglliter are generally associated with the presence of magnesium, sodium, or
potassium sulfates. Long-term field experience and accelerated laboratory tests show
that under these conditions the control of C,A content of cement alone does not offer
an effective protection against the exchange reactions involving decomposition of CH
and C-S-H. Since the dissolution of CH begins to take place as soon as the pH of the
environment drops below 12.5, and the dissolution of C-S-H does not occur until the
pH drops below 8.8, the CH is more vulnerable to sulfate attack. This is why blended
cements containing a little or no CH on hydration perform better under severe
conditions of sulfate attack. Examples of such cements are: calcium aluminate
cement, portland blast-furnace slag cements with more than 70% slag, and portland-
pozzolan cements with at least 25 percent of a highly siliceous pozzolan (such as
volcanic ash; calcined clay, and low-calcium fly ash). It may be noted that, besides
reducing the CH content, the incorporation of a pozzolan or slag helps to reduce the
permeability of the cement hydration product by a pore-refinement mechanism.” It
should also be remembered that normal pozzolans hydrate rather slowly and, therefore
the beneficial effects from the pozzolanic reaction will not be available until a concrete
mixture it has been cured for a sufficient iength of time (viz, 4 to 6 weeks). Pcor
performance of pozzolanic or slag cements, prematurely exposed to aggressive
_soiutions, is usually attributable to inadequate curing and not to any inherent deficiency
in these cements.

Pozzolans and slags also vary widely in physical and chemical characteristics, and
consequently in their ability to prevent sulfate attack. Examples described by the
following paragraphs show that a proper understanding of both the mechanism of
sulfate attack on concrete and the mechanisms by which pozzolans and slag improve
the sulfate resistance is essential to insure a satisfactory performance of the materials
selected for use in concrete.

_ Rosner et al® showed that, compared to a reference portland cement, the use of a
_hlgh-calcium fly ash, irrespective of the proportions used, either failed to cause any
IMprovement or caused a reduction in the sulfate resistance of test mortars made with
blended cements. Mehta® used 16 different fly ashes to investigate the effect of fly
ash composition on the sulfate resistance of blended cements containing a Type |
gg:tl:nd cement (11% C,A), gnd 2_5 or 40% fly ash. _The ca!cium, alumina and sulfate
e “:iats of the fly ashes varied widely. Wi'!en the mlneraloglcar composition of the fly
blendeds such that the formatloq of ettringite occurred in ther hydrated pastes of the

cement even before the immersion in the sulfate solution, the blended cement

B et o R
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performed well in the test. On the contrary, when prior to the sulfate exposure the-'
hydrated paste of the blended cement contained alumina-bearing phases that ag’
known to be vulnerable to sulfate attack (viz, the monosulfate hydrate), the cemen’
performed poorly in the test. The X-ray diffraction patterns of hydrated pastes g}
blended cements containing two different fly ashes are shown in Fig. 3. The cemeng
containing Fly Ash No. 6 (which, upon hydration, formed ettrringite instead of th!
monosulfate hydrate) performed well in the sulfate immersion test, whereas th'
cements containing Fly Ash No. 10 (which, upon hydration, formed the monosulfas!

hydrate) performed rather poorly.

i
5
E
K
E

the sulfate resistance of portland-blast furnace sl

Probably for similar reasons,
cements is dependent on the composition of the slag and the slag content of ﬂué_
!

cement. Based on the findings of many researchers, ASTM C 989-1985 contains th
following summary of the state-of-the-art on the sulfate resistance of blended cementaE

containing ground granulated blastfurnace slag:

¥

:
¥
]'.
:;

Effect of slag on sulfate resistance - The use of slag will
decrease the C,A content of the cementing materials and !
decrease the permeability and calcium hydroxide content of the I
mortar or concrete. Tests have shown that the alumina
content of the slag also influences sulfate resistance, and that
high alumina content can have a detrimental influence at low
slag-replacement percentages. The data from these studies of
laboratory exposure of mortars to sodium and magnesium
sulfate solutions provide the following general conclusions.

The combinations of slag and portland cement in which the
slag content was greater than 60 to 65%, had high sulfate
resistance, always better than the portland cement alone,
irrespective of the Al,O, content of the slag: The improvement
in sulfate resistance was greatest for the cements with the
higher C,A contents.

The low alumina (11%) slag increased the sulfate resistance :
independently of the C.A content of the cement. To obtain
adequate sulfate resistance higher percentages were necessary
with the higher C,A cements. The high alumina (18%) slag
adversely affected the sulfate resistance of portland cements
when blended in low percentages (50% or less).

As stated before, the hydrated cement pastes containing approximately 70% &
are expected to contain a little or no free calcium hydroxide.
hydroxide which, on sulfate exposure, contributes
promoting the formation of gypsum and microcrystalline ettringite.
impermeability of portland-slag cement pastes increases with increasing slag content

It is the cald L

greatly to sulfate attack subje
Also, "Senvir
SPhen
Fcrease in permeability,
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Stark® reported the results of five years

specimens exposed to a sulfate-rich soil atva testci’q:g Sgiﬁ:fy ?:DNO(S);J;*? of chncrqte
Concrete mixtures made with an ASTM Type Il portland cement (4% erCnA alifornia.
resistance to sulfate attack that was equivalent to corresponding COnCrot -A) showed
a Type V portland cement. Fly ash and ground granulated slag, when & e; made with
replacement materials, generally reduced the sulfate resistance ,of conCUste as cement
to the author, a possible reason for this inconsistency in results ( rete. According
general experience qf many other researchers) may lie in the fact thatCOmDared to the
in the Northern California test facility are subjected to wetting and gor_‘crete prisms
sulfate water, whereas most other conclusions are based on continuo rying Cvdes in
was observed that the deterioration due to sulfate attack was confi:sd'mmersmn. It
portion of the concrete prisms where drying had taken place, while thefl3 to the upper
the concrete prisms gontinued to remain in perfect conditior;. Stark® C;)‘;""?rdportlon Qf
was the salt vyeathermg phenomenon (i.e. crystallization of sodium sulf LCU Ied that it
tlhan _the pIaSS|caI sulfate attack (i.e. ettringite formation), which ¢ ade Hibadathe
¢+terioration at the California testing facility. This skoike. that testiuse the concrete
w2 carefully evaluated before the results from two different test metlm?d;zr:gltég:nspmuzt

ared.

l l s W g p
conciusion |”| e 3id to S“l ate attac k the anomalous l)ella AI(JI (8} QZZolan or
: - . L

d T 4 e
ue to something which is inherently wrong with these cements. The anomalous

3 bEhaVl() jS Usually due to tl i 'III | er test tho orm pr() ortions, or (i
! € use ot | p Op Sis me h i P i ue
: dS IX 7

9:0aceq ) _ U Only when, in
ptional cases, the mineralogical composition of a mineral additive has St;)ergg

UllS&tISiaCtOI\/, ItS use f65U|tEd n 00 | rmarl I 1CT i t

CONCLUSIONS

Many na i i i
y natural and industrial waters contain sulfate ions in concentration that can

L be deleteri
ous
Bl fa‘:i:i(zieconcrete s@ructures on long-term exposure. Effluents from fertilizer
e a bl S 'e:‘nd _dralqage wate_‘rs from heavily fertilized soils are sources of
e which is quite corrosive. New sources of sulfate-related corrosion in

Nindustrialized envi
" ironments are
“high-sulfur fuels. igh level of scdty n rainwate and fogs dus 1 501

band NO, have been

For instance, high levels of acidity i [
; acidity in rainwater and fogs du
e to :
reported from many urban and industrial areas. 1 e

A revi i i i

S tg"ror?;-(t::f; I;ls.l':tortles of deteriorated concrete in structures which have been

e 0 Vum:raile exposure shows that only permeable concretes in moist

i g e e, and that the_ sulfate attack is seldom the sole
or qoncrete deterioration. Microcracking of concrete

and a high level of water saturation are generally preceded b\;
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sulfate attack and other types of chemical as well as physical attacks, which resultj
expansion and cracking. Field experience shows that in most cases the sulfate attay
manifests itself in the form of loss of adhesion and strength by the cement pag;

present in concrete.

i

Topochemical formation of ettringite with directional crystal growth, and swelly
of ettringite by water adsorption are two hypotheses that have been proposed amay
others to explain expansion and cracking. Experimental verification  of they
hypotheses has been difficult because it requires the observation of processes thi
leave behind only the effects but not the actua
Although, under certain environmental conditions, directional crystal growth of sals
form a permeating solution is known to cause expansion and cracking, it is concludsif
that osmotic forces involved with the swelling
are probably important in sulfate expansion after the concrete has been weakened i}
decomposition of CH and C-S-H, as a result of sulfate attack. This hypothesis hask
benefit of being more universal in the sense that it involves sulfate attack onad}
components of the cement paste (rather than on the alumina-bearing phases alone}
and it has elements that are common to other expansive phenomena in concrek}

technology.

The absence of a conclusive hypothesis on mechanisms responsible for sulfa
attack on concrete has prevented the development of appropriate test methods ai
specifications for sulfate resisting cements. For a variety of reasons, discussed in the8
report, the current ASTM standard test methods and specifications are not entirei-%
satisfactory. Recent work shows that, both from theoretical and practical standpoi}
immersion tests, involving continuous control of the pH of the sulfate solution, wou
be more suitable for adoption as accelerated laboratory tests for evaluation of sulfa

resistance of cements.

A review of the measures for prevention of sulfate attack shows that controld%’
the permeability of concrete is more important than control of the chemistry of cemeﬂ:‘g
The use of a low water/cement ratio and good quality pozzolans or slags in appropria
amounts, therefore, provides a better approach to the problem of sulfate attack
the use of a sulfate resistance portland cement alone. Enough information is o
available on the mineralogy and proportions of pezzolans or slags needed for long-tem
durability of concrete to sulfate environments. i
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| causes which produced the effecis§

of poorly crystalline ettringite in concref
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